INTRODUCTION
The ability to clone a potentially unlimited number of individuals would have innumerable applications. Identical individuals, or clones, would be perfect controls for experiments because all variation would be due to environmental factors such as treatments. Thus, fewer numbers of animals would be needed to make significant comparisons between treatments. In production agriculture, identical animals would require identical management systems. Clonal lines adapted to certain parts of the country, either naturally or by genetic manipulation, Dr. Prather is an assistant professor at the University of Missouri Department of Animal Sciences in Columbia, Missouri.
could be distributed to achieve maximum production. Given certain conditions (environmental stipulations such as rations and weather conditions) a performance guarantee could be provided with a set of clones at the time of purchase. Breeders could benefit from transferring a clonal line of frozen embryos to a clonal line of recipient females, because ease of giving birth and preweaning weight gains would be similar. Feedlots would benefit because a clonal line would perform as expected, thus guaranteeing a profit. Packing houses could purchase certain clonal lines that have identical meat characteristics, such as flavor, size, and marbling. Consumers would benefit from a more uniform product in their freezers. If this sounds like Utopia for both science and agriculture, it is becoming fact. The technology necessary to achieve these goals is currently inefficient, but it does work and will be improved.
CLONING
Potentially, the procedures to clone large numbers of individuals are numerous. Dedifferentiation of somatic cells is possible in theory but has yet to be demonstrated. Another possibility is to induce numerous rounds of mitosis in an early embryo without permitting any differentiation until enough cells have been produced to constitute numerous embryos. Again, this procedure has not been accomplished. A third prospect, first suggested by Spemann (1938) , is to transfer nuclei from differentiated cells to a cell, such as an oocyte, that would induce dedifferentiation.
Developmental biologists are concerned with differentiation events. Cloning by nuclear transfer is actually a spin-off of a procedure designed to answer the more fundamental questions about differentiation because all of the nuclei of early embryos are presumed to be identical.
In 1938 Spemann proposed to evaluate the differentiation of nuclei during early development by conducting an experiment in which he transferred nuclei from cells at different stages of differentiation to enucleated, unfertilized oocytes. If all of the nuclei from a particular stage of development could direct development to term after nuclear transfer, they would be considered to be equivalent. The technical aspects of this experiment needed refinement and were not reported until 1952. Using Xenopus laevis, Briggs and King (1952) showed that nuclei from preblastulastage embryos could direct early development, and they alluded to the fact that nuclei from beyond the blastula stage were less likely to result in similar development. The large amphibian eggs were ideal for these studies, and adults were subsequently produced as a result of nuclear transfer in both Xenopus laevis (Fischberg et al., 1958) and Rana pipiens (McKinnell, 1962) .
In 1981 Illmensee and Hoppe reported successful nuclear transfer in the mouse. However, others were not able to repeat these results using the above procedure (McGrath and Solter, 1984; Robl et al., 1986) . Undaunted by the discouraging results in mice, others more closely applied the successful amphibian procedures to other domestic animals, and in 1986 successful results were reported for both sheep (Willadsen, 1986) and cattle (Pratheretal., 1986) . Subsequent application to rabbits (Stice and Robl, 1988) and pigs (Prather et al., 1989a) has also resulted in offspring.
PROCEDURES AND THEORY OF NUCLEAR TRANSFER TECHNOLOGY

Nuclear Transfer
Initial studies in mammals involved simply transferring pronuclei between two zygotes. These experiments illustrated that pronuclear exchange procedures are compatible with development to term in mice (McGrath and Solter, 1983) , cattle , and pigs (Prather et al., 1989a) .
The basic procedures for cloning by nuclear transfer have been relatively unchanged since Briggs and King published them in 1952. The procedures for amphibians involve isolating cells from a donor embryo and aspirating a single cell into a micropipette. The internal diameter of the micropipette must be just small enough to cause the plasma membrane to rupture. The cytoplasmic contents are then deposited into the cytoplasm of an unfertilized oocyte. The unfertilized oocyte is activated either by the transfer procedure itself or by an additional stimulus (e.g., electrical stimulation), and the meiotic chromosomes of the oocyte are removed, leaving only the chromosomes of the transferred cell.
Current procedures in mammals are very similar. First the chromosomes are removed from an unfertilized oocyte, a procedure known as enucleation. This term is not technically correct because there is no nucleus present, but there is no better term available. Our laboratory uses techniques similar to those described by McGrath and Solter (1983) , although other methods are also effective (Willadsen, 1986) . For example, the unfertilized oocyte can be treated with cytochalasin, which imparts an elasticity to the plasma membranes. The oocyte is held adjacent to a holding micropipette with slight aspiration ( Figure 1A ). Next, a micropipette is inserted into the perivitelline space and the first polar body and underlying cytoplasm are removed. The metaphase chromo-FIGURE 1 Nuclear transfer procedures in cattle. A. An unfertilized oocyte arrested at meiotic metaphase II (arrow denotes the first polar body). A pipette is inserted through the zona pellucida and the first polar body and underlying cytoplasm are aspirated into the pipette and removed. B. An 8-cell stage embryo is held in place by aspiration to the holding pipette on the left and the transfer pipette is inserted through the zona pellucida and a single blastomere is aspirated into the pipette. C. Transfer of the 8-cell blastomere to the recipient enucleated oocyte (arrow denote the nucleus in the 8-cell stage blastomere). D. After nuclear transfer the recipient and donor cells are allowed to regain a spherical shape before electrofusion (arrow denotes transferred blastomere (400X magnification, diameter ofsomes can be indirectly visualized by using ultraviolet light and the DNA-specific stain bisbenzimide . After enucleation of the recipient oocyte, the donor embryo is held in place with the holding micropipette ( Figure IB ). The transfer micropipette is inserted through the zona pellucida and the donor blastomere is aspirated into the micropipette and then deposited into the zona pellucida with the recipient oocyte ( Figure 1C ). Finally the nuclear transfer embryo is placed between two electrodes and electroporated with a mild electric current. Because of the thermodynamic instability of the small pores that form between the two cells, these pores congregate and coalesce to become a single channel. This causes fusion of the recipient oocyte and the transferred blastomere and also activation of the oocyte. Oocyte activation sets in motion the development and differentiation of the newly created embryo.
Nuclear Remodeling and Reprogramming
Presumably the association of unfertilized oocyte cytoplasm with the transferred nucleus results in a reprogramming of differentiation events. This is suggested by the development to term of unfertilized oocytes of sheep (Willadsen, 1986; Smith and Wilmut, 1989) , cattle Willadsen, 1989) (Figure 2 ), rabbits (Stice and Robl, 1988) , and pigs (Prather et al., 1989a) but not of re- cipient pronuclear stage eggs in mice (McGrath and Solter, 1984) , cattle , or rats (Kono et al., 1988) .
In amphibians there is a dramatic exchange of proteins following nuclear transfer to an unfertilized oocyte. The transferred nucleus releases nuclear proteins and acquires cytoplasmic proteins (DiBerardino and Hoffner, 1975; Leonard et al., 1982) . This protein exchange precedes an increase in nuclear volume following activation of the recipient oocyte (Merriam, 1969) .
A specific antigen, and presumably protein, that follows this pattern of exchange in mammals is the J9 epitope on the A/C nuclear lamins. The nuclear lamins are intermediate filament-type proteins that reside on the inner nuclear membrane and polymerize and depolymerize with the cell cycle. In mammals there are generally three types of lamin proteins (designated A, B, and C) that are differentiated by molecular weight and isoelectric point. Lamin A is identical to lamin C except for an additional 98 amino acid tail (McKeon et al., 1987) . Interestingly, in the mouse the A/C epitope is present in pronuclei and nuclei of two-cell stage embryos but absent in nuclei from the four-cell stage to implantation ( Figure 3A ,B). If a nucleus from an eight-cell stage embryo is transferred to an unfertilized oocyte and the oocyte is activated, then the A/C epitope is acquired in the transferred nucleus ( Figure 3C,D ). An identical result is observed in the pig after nuclear transfer to an enucleated activated oocyte (Prather et al., 1989b) . However, the A/C epitope is not acquired when the nucleus is transferred to a pronuclear stage egg ( Figure 3E,F) or when an enucleated pronuclear stage egg is used as a recipient .
Whether one interprets the data strictly as only a change in epitope exposure or loosely as the changes observed by the antibody as a result of changes in the proteins present, the conclusion reached is the same. Nuclei transferred to a pronuclear stage egg are not remodeled to resemble a pronucleus, while a nucleus transferred to a freshly activated unfertilized oocyte is remodeled to resemble a pronucleus. This remodeling presumably results in a reprogramming of developmental events. No specific examples of molecular reprogramming have been reported in mammals, but many have been reported in detail in amphibians (Gurdon, 1986; DiBerardino, 1987) . Two examples of highly specific molecular reprogramming will be described below.
Differentiating myotome cells first begin producing muscle specific actin at the gastrula stage of the developing amphibian embryo. If a myotome cell nucleus is transferred to an enucleated activated oocyte, musclespecific actin RNA synthesis ceases. When the resulting embryo develops to the gastrula stage and the myotome cells begin to differentiate, muscle-specific actin is produced only in the differentiating myotome cells (Gurdon et al., 1984) . Another example of specific gene regulation is the 5S 00C gene, which is transcribed for a short period of time as the embryo passes through the late blastula stage. Nuclei from neurulae-stage embryos can FIGURE 3 Nuclear lamin antigens before and after nuclear transfer to an unfertilized oocyte. A. Lamin A/C immunofluorescence (antibody J9) in a pronuclear stage and a 16-cell stage egg. B. DNA localization in the eggs pictured in panel A. Note that the pronuclei have a dimmer localization. This is due to their being haploid as well as dispersed over a larger area. All embryonic nuclei evaluated to date have a positive staining for B type lamins. C-D. Lamin A/C and lamin B, respectively, immunofluorescence localization in a mouse oocyte to which was transferred a 16-cell stage nucleus coincident with activation of the oocyte, followed by 4 hours of culture (arrow denotes transferred nucleus). E-F. Lamin A/C and lamin B, respectively, immunofluorescence localization in a mouse zygote to which was transferred a 16-cell stage nucleus followed by 4 hours of culture (large arrow denotes transferred nucleus, small arrow indicated endogenous pronuclei (one of the pronuclei is out of the focal plane and is located directly below the endogenous pronucleus)). Note that although the transferred nucleus has a positive reaction for the lamin B epitope, the A/C epitope is absent in the nucleus transferred to the zygote (C-D). This is in contrast to the nucleus transferred to the oocyte which was activated coincident with the nuclear transfer (E-F). express this gene again if the nuclei are transferred to an oocyte, and the resulting nuclear transfer embryo develops to the late blastula stage (Wakefield and Gurdon, 1983) . Thus, the molecular reprogramming that is observed in amphibians after nuclear transfer is highly specific.
Finally, there must be synchronization of cell cycle phases of the donor and recipient. Electrical activation of the nuclear transfer embryo causes the recipient cell to enter the Gj phase of the cell cycle. This is followed by a DNA synthetic phase, G 2 , and the first mitotic division. If the donor nucleus is in the G, phase when the nuclear transfer embryo is electrically activated, no adjustment in phase is necessary. However, if the donor nucleus is in the G 2 phase, it should remain in this phase until the cell cycle of the recipient cell is in synchrony. Data from other types of cell-fusion studies suggest that this is exactly what will happen (De Roeper et al., 1977) . However, these experiments have not been conducted in the cell types used for nuclear transfer in mammals and the disruptive effects of the electrical fusion pulse have not been evaluated.
As a final note to this section, Bondiolo et al. (1990) produced eight term calves using this procedure, the largest number of identical individuals ever reported; however, in no species has an animal been produced by nuclear transfer using nuclei from adult tissues.
Nuclear Transfer in Mice
Attempts to clone mice have been discouraging. No one has been able to reproduce the work of Illmensee and Hoppe (1981) who first reported cloning of mice by nuclear transfer. McGrath and Solter (1984) published a report showing that nuclear transfer techniques similar to those used by Illemnsee and Hoppe did not result in the development of mice to term. Robl et al. (1986) hypothesized that the nuclear transfers did not go to term because the maternal to zygotic transition occurs at the two-cell stage and that enucleated zygotes are incapable of reprogramming this dramatic change in transcription. They suggested that nuclear transfer between the late two-cell and early eight-cell stage is more likely to result in development to term because there are relatively few differentiation events (both morphological and biochemical) within this developmental phase. Using this procedure, Robl et al. (1986) were able to show that development could proceed to midterm, and others showed that offspring could be produced (Tsunoda et al., 1987) . However, complete reprogramming of the transferred nucleus was not observed . More recently, the procedures for amphibian nuclear transfer have been more closely applied to the mouse, that is, the transfer of nuclei to enucleated, activated, meiotic metaphase-II-stage oocytes; however, offspring have yet to be born (Modlinski et al., 1990 ). In conclusion, development after nuclear transfer appears to be different in the mouse than in most other mammals. Although cloning by nuclear transfer has been successful in cattle, sheep, pigs, and rabbits, repeatable results in the mouse have yet to be reported.
that have the capacity to contribute to the somatic and germ cells of a chimera when injected into the blastocoele cavity of a blastocyst-stage embryo (reviewed by Prather et al., 1989c) . ES cells are relatively undifferentiated cells and, therefore, are potentially excellent donor cells for nuclear transfer. Because they can be transformed and cultured in vitro, it is possible that ES cells could be used in creating a clonal transgenic line of animals. These clonal lines would all contain the gene of interest in the same location within the genome. Unfortunately similar ES cell lines have yet to be established in any of the domestic species (Evans et al., 1990 ).
Cloning by Splitting or Nuclear Transfer
Another method of producing identical individuals is by splitting the embryo into two or more parts. In the cattle industry this is routinely accomplished between the morula and blastocyst stages. If embryos are transferred fresh (as opposed to frozen-thawed), a calving rate of up to 105 percent can result (Leibo and Rail, 1987) . The main difference between this method of producing identical individuals and the nuclear transfer method is the absence of reprogramming after splitting. For example, if a 32-cell-stage bovine embryo is split, after 1 day the two halves will develop into blastocysts. Because a minimum number of cells is required to form a competent blastocyst, the maximum number of animals that can result from splitting is about four (Robl and First, 1985) . In contrast, if a 32-cell-stage blastomere is transferred to an enucleated, activated, meiotic metaphase-II-oocyte, after 1 day it should be a 2-cell-stage embryo, i.e. immediately after nuclear transfer the nucleus should be reprogrammed to behave as a zygote. This method of cloning has the potential to produce an unlimited number of identical individuals. terhouse material, it will be important to establish that the cytoplasmic inheritance is equal. Cytoplasmic inheritance definitely includes mitochondrial inheritance and may also include other organelles such as centrosomes. Mitochondrial genomes are different between different strains of mice (Ferris et al., 1982) and within a single line of Holstein cattle (Olivo et al., 1983) . Since the nucleus and mitochondria are known to interact, and the mitochondria are the cells' source of ATP production, it is important to establish the relationship between the two. Another organelle that likely has its own genome is the centriole. Recent evidence suggests that basal bodies, which are derived from centrioles, also have their own DNA (Hall et al., 1989) . Centrioles are absent in some mammals during the first few cleavages (Szollosi et al., 1972) , and it would be interesting to determine the fate of centrioles that may be transferred to oocytes during the nuclear transfer procedure.
Environmental factors determine to a significant degree an animal's phenotype, including such characteristics as color patterns and growth rate. Therefore, for two genetically identical animals to have identical phenotypes, a variety of external factors must be identical. The size and growth rate of two genetically identical animals will differ if one receives rations that do not meet its minimum needs. Color pattern is regulated by the maternal environment, and animals developed from split embryos may have different color patterns, even though they are genetically identical, because of differential migration patterns of melanoblasts. A more complete discussion of nongenetic factors that can affect an animals phenotype is found elsewhere (Seidel, 1983) .
The contribution of the recipient cell cytoplasm to the overall genotype and phenotype of nuclear transfer embryos remains to be fully defined but provides an opportunity for future studies.
Genetic Equivalence and Identical Individuals
Although in theory animals produced from nuclear transfer embryos all have identical nuclear genomes, DNA rearrangements, diminutions, mutations, translocations, and gene amplifications can occur. One or more of these DNA alterations could occur during the first round of the cloning procedure or in subsequent serial nuclear transfers, causing divergence within a clonal line. Thus, it is very important to keep accurate records so that if a DNA alteration occurs, retrospective analysis can determine when it occurred and which subclonal lines are affected. From a broad perspective; however, these changes are likely to have little influence on the genetic similarity of a clonal line.
Since economics regulate that the source of recipient oocytes in domestic animals will likely be from slaugh-
Additional Technologies
To fully implement a cloning program in a specific species, additional technologies are necessary. First, an inexpensive source of recipient eggs is required. In many species the most likely source is from oocytes collected at slaughter and matured in vitro. Second, techniques for frozen storage must be advanced. Frozen storage is necessary to allow full evaluation of clonal lines and to aid in the initial buildup of clones by serial nuclear transfer. This technology is available for most domestic species; however, for the pig only a single lab has reported success (Hayashi et al., 1989) . Additional technological applications required include techniques that allow in vitro development from the one-cell to the blastocyst stage and subsequent nonsurgical embryo transfer.
APPLICATIONS OF CLONAL TECHNOLOGY
The production of identical individuals would be useful to at least two groups of people: researchers and food producers. Researchers are always interested in cutting the cost of experiments. Since clones theoretically have no genetic variation, differences in responses to an experimental protocol in animals from a single clonal line should be caused by either environmental factors or treatments. With a clonal line, as with naturally identical twins, there also should be less variation within treatments (Biggers, 1986) , and therefore, fewer numbers of animals should be needed for statistically valid comparisons (Biggers, 1986; Erb, 1990 ). Comparing results between clonal lines would give an insight into genetic differences in experimental responses.
Commercial agriculture could also benefit from clonal lines of livestock expressly suited for specific environmental conditions, such as animals able to digest certain kinds of roughage or animals resistant to heat stress or certain diseases. Management decisions will have similar effects on all animals. Clonal lines of animals may even be developed that have specific meat characteristics that fulfill consumer demands. When new demands or more efficient clonal lines are defined, these new genetics could be rapidly disseminated (reviewed by Robl and Stice, 1989) . Not only would cloned animals be useful for specific production conditions, but it has been estimated that cloning would result in five times the genetic gain per year compared to the best procedures currently used to increase genetic gain in cattle (Smith, 1989) .
In conclusion, nuclear transfer and cloning technology has immense potential for answering scientific questions, as well as for providing a source of food to meet the needs of the next century.
